"Last mile" delivery has become one of the bottlenecks of e-logistics. This paper aims to explore the competitiveness of three "Last mile" delivery modes-attended home delivery (AHD), reception box (RB), and collection-and-delivery points (CDPs) in different scenarios, especially in high population density scenario. The advantages and disadvantages of each mode are introduced first. Then each mode's operation efficiency is solved with different kinds of vehicle routing problem (VRP) models and genetic algorithm (GA). Finally the cost of each mode is calculated on the basis of cost structures and operation efficiencies. The results show that different modes are suitable for different scenarios: (i) AHD and independent reception box work better in a scenario with sparse population or small order quantity; (ii) shared reception box and CDPs are more appropriate in the scenario with high population density and large order quantity, and the better one depends on the cost of labors and facilities; (iii) RB is desirable in some circumstances as delivering fresh vegetables and fruits to the ones living in high-grade communities.
Introduction
E-commerce develops rapidly in recent years [1] . According to the data from China Internet Network Information Center, China has the second biggest online shopping market as its online sales broke through 1.2 trillion in 2012 [2] . Ecommerce can hardly do without the support of e-logistics. The "last mile" delivery which accounts for 30% of total e-logistics cost [3] has become one of the bottlenecks of e-commerce. Nowadays, attended home delivery (AHD), reception box (RB), and collection-and-delivery points (CDPs) are the three existing "last mile" delivery modes in China. This paper mainly explores the competitiveness of three delivery modes in different scenarios, especially in high-density areas, in view of China's high population density. High population density leads to high residential density [4, 5] . Population density has an important effect on delivery efficiency [6] .
Currently, AHD-couriers send goods to customers' doorsteps, receive customers' signatures, and leave for the next one-is the most widespread "last mile" delivery mode.
AHD provides the opportunities with customers face to face, but its low operation efficiency is likely to make it undesirable to handle massive orders. Most researchers focused on the balance between cost and customer satisfaction. Narrow delivery time slots are more popular with customers, but they greatly reduce routing efficiency and lead to a huge cost [7] . Hill et al. made explicit tradeoff between the benefits of short delivery time guarantees and the cost of late deliveries [8] . The concept of optimal position of the delivery window into a cost-based delivery performance model was introduced in [9] . Further, Campbell and Savelsbergh concentrated on using time slot incentives to cut down delivery cost and improve profits [10] . In AHD, couriers always have to waste a lot of time waiting for customers, so RB and CDPs are there in the environment.
There are three kinds of reception boxes: (1) independent reception box is installed at the garage or home yard of the customer; (2) delivery box is equipped with a docking mechanism and will be retrieved after goods inside are taken away; (3) shared reception box is installed near customers for their shared usage. Couriers put goods in the boxes, and customers pick up goods at any time using messaged passwords. In this way, couriers are released from time limitation while their delivery efficiencies are improved. Moreover, RB could be used as a refrigerated cabinet to store organic vegetables and fruits. However, the investment of reception boxes is large. Punakivi et al. compared AHD and RB from the perspective of cost and payback period. They found that up to 60% cost reductions are achievable by using RB, and the operational cost of delivery box is on the same level as the reception box when delivery boxes are not picked up until the next delivery time [11] . Further, Punakivi and Tanskanen found that cost can be saved as high as 55%-60% by using shared reception box compared to the concept offering attended reception with two-hour time windows. However, this mode is only suited to customers living in blocks of flats [12] .
Collection-and-delivery points refer to convenience stores, plot properties, and other institutions which belong to or cooperate with express companies as the place where customers come to pick up goods. Couriers just scan and put goods in certain places in CDPs. Operation efficiency is improved dramatically, because a CDP could serve several delivery points at the same time. When CDPs are located at areas that already generate consumer trips, their satisfaction will seldom or never be affected seriously because little additional travel by consumers will be required to collect a package [13] . Lee and Whang suggested CDPs are one of the five best ways to solve "last mile" delivery problem [14] . Different distribution of the third institutions has important influences on delivery cost and environment [15] . Customer mileage could be reduced by eighty percent by using CDPs for failed first-time home shopping deliveries [16] . Besides, CDPs is beneficial to the cooperating parties, because about 25% CDPs users would make a purchase when collecting or returning their parcels [13] .
Different delivery modes have different characteristics and delivery efficiencies. The choice of the most appropriate "last mile" delivery mode in different scenarios has no quantitative guidance. This paper reveals the variations of three delivery modes' cost and operation efficiencies in different scenarios.
The rest of the paper is organized as follows. In Section 2, the method is proposed to calculate the total cost of different delivery modes. Each mode's operation efficiency is solved with VPR models and genetic algorithm. Then on the basis of operation efficiencies and cost structures analyzed, the total cost of each mode is calculated. In Section 3, the specific experiment is conducted and the competitiveness of each mode is analyzed. At last, the conclusions are drawn and further research directions are raised.
Method
This section proposes a method to calculate the total cost of different "last mile" delivery modes. First, some assumptions are made to define this problem. Second, VRP models are built to achieve operation efficiencies according to each mode's characteristics and genetic algorithm is adopted to solve the VRP problems. Last, the cost structures are proposed to calculate the total cost of each delivery mode together with operation efficiencies.
2.1.
Assumptions. Some assumptions are made according to the status quo of "last mile" operation in China as follows.
(1) Packages will not be sent twice. Couriers will get in touch with the receivers before they start to deliver the customers' goods. Actually, first-delivery failure is rare in China.
(2) Reception box employed in this paper is communal reception box with drawers of different sizes. It uses luggage locker technology and PIN codes to control the delivery. It is assumed all the goods could be loaded into the boxes. In rural and suburban areas, most people live in single detached family. Independent reception box and delivery box are desirable in this case because an important advantage of RB is that customers could get goods nearby. However, in highdensity area, most families live in blocks of flats; thus, communal reception box is preferable [12] .
(3) The collection-and-delivery points employed in this paper are convenience stores, supermarkets, subway stations, and some other institutions which cooperate with express companies. In reality, CDPs could be built in two ways: setting up CDPs by express companies themselves and collaborating with third parties [15] . The former one requires more investment and bears more risk. Thus it is rational for express companies to cooperate with other organizations in the early stage.
(4) CDPs and reception boxes are set up abiding strictly by the principles listed below: (i) CDPs should be located within a five-minute driving distance by car from customer address [15] ; (ii) each community (a delivery point stands for a community in this paper)-a group of people who live in the same areahas one reception box at least to guarantee customer satisfaction from the view of fair [17] ; (iii) CDPs should be accessible to the major road network and parking should be permitted and easy.
Delivery Efficiency.
Different "last mile" delivery modes have different delivery efficiencies. Measuring the operation efficiency of each mode is fundamental for calculating its total cost. Operation efficiency could be measured by average delivery time per order with distinguishing different modes. The larger the is, the lower the operation efficiency is.
According to delivery process, no matter which mode it is, total delivery time per day consists of three parts as formula (1) The process of calculating the value of road is much more complex. In AHD, it is a typical VRPTW (vehicle routing problem with time window) problem in view of a few customers' requirements of delivery time windows [18] [19] [20] [21] , in RB, it is a VRP problem [22] [23] [24] , and in CDPs, it is a VRP problem on the basis of cluster analysis [25] [26] [27] [28] . Details and basis of modeling are introduced below.
Here is the VRPTW model of AHD. Notations to be used in the VRPTW model are defined as follows. The formula could be as follows.
Objective function:
subject to
. . , ; = 1, 2, . . . , ; (6)
. . , ; = 1, 2, . . . , + 1;
Constraint (3) states that the sum of delivery points' demand cannot be more than total daily demand in this district. Constraints (4)- (6) state that every delivery point should be visited at most once. Constraints (7)-(8) are flow conservation constraints that describe the individual routes. Constraint (9) states that the total demand on a route cannot be more than vehicle capacity. Constraints (10) and (11) ensure the feasibility of the time schedule.
Real-coded genetic algorithm which is one of the most effective ways to solve VRPTW problems is employed in this paper. Sequence coding is used and each delivery point is assigned a serial number, and 0 represents the depot. A chromosome consists of + + 1 genes, for example, (0, 11 , 12 , 13 , 0, 21 , 22 , 23 , . . . , 0, 1 , 2 , . . . , 0). Different sequences represent different solutions. The initial 100 population is generated randomly, and individuals that could not meet the requirements of delivery time windows should be deleted and generated randomly again. Parent chromosomes are selected with roulette wheel selection according to the fitness function (13) . The vehicle capacity constraint is integrated into the objective function. , a pretty big number, represents the penalty coefficient when orders on a vehicle are more than V :
Then partially matched crossover is adopted as crossover operator. The crossing points are selected by using the certain crossover probability and two children are generated. Afterwards, a nonzero gene is generated mutation randomly with the certain mutation probability, and the gene generated originally in the chromosomes changes to the one which mutates. Eligible children would substitute the parents whose fitness is very low, and a new generation is formed. Terminate the algorithm when it updates the set generations.
Since a delivery point has one reception box at least, the calculation of road in RB is similar to that in AHD. However, it is a VRP problem because RB has no limitation on delivery time. The formulas are all the same except the constraint (11) . It should be altered to ≤ . The formulas will not be listed again. A simple genetic algorithm is employed to solve this VRP problem. The programming of genetic algorithm is similar to that of AHD except the elimination of the constraint-deleting the individuals that could not meet the requirements of delivery time windows.
The calculation of road in CDPs is very different from that in AHD and RB. The reason is that a CDP could serve several delivery points at the same time as long as the distances between them are acceptable to customers. Besides, CDPs have no capacity constraints. Thus, it is reasonable to cluster the delivery points on the basis of Euclidean distance. In real life, the choice of CDPs involves a lot of commercial and environmental factors. To simplify the calculation process, the CDPs in the experiment are located in the centers of clusters. From this, -means clustering algorithm is applied to this problem first.
where denotes the locations of delivery points, denotes the average value of cluster , and is the sum of squared errors. Constraint (15) states the average value of updated clusters; constraint (16) states the calculation rule. The clustering centers are recognized as delivery points and the shortest path among them is solved with VRP model. In this way, a hierarchical procedure involving one heuristic and two algorithm phases is developed. Phase I aims to identify a set of feasible clusters with -means algorithm while phase II assigns clusters to vehicles and sequences them on each tour by using VRP problem. In short, conceptually, AHD's operation efficiency is lowest because of the long time waiting for customers while CDPs' operation efficiency is the highest due to the simplest operational process. The average time per order is
Different modes lead to different operation efficiencies which result in different demands of equipment. Appropriate amount of equipment helps express companies accomplish tasks with minimal cost. The parameter -number of equipment is the intermediate variable between operation efficiency and total cost. The relationship is ≤
which indicates all the arrival orders should be distributed within working time of the same day. Notice that fuel fee is ignored in the model, because many express companies provide couriers with vehicles but are not responsible for their fuel fee in reality. In AHD, the total cost is
The total cost contains fixed administrative expense , short fixed cost, and variable cost. Short fixed cost consists of the investment on devices * and welfare payment for labors * . An employee is assumed to operate a device. includes the price of a vehicle and a handheld terminal and their maintenance fee; indicates the commission per order paid to couriers.
In RB, the total cost is
Total cost of RB should be added an item -the investment of purchasing and maintaining reception boxes on the basis of AHD.
In CDPs, the total cost is
Total cost of CDPs has one more item that the commissions paid to the cooperators * ; is the expenditure of negotiating and signing contracts with cooperators.
From the formula above, only labors and cooperators commission are proportional to the quantity of orders. Administrative expense is a constant. Short fixed cost which includes investments on devices and welfare payments is a step function. This model reveals all detailed cost contained in the "last mile" delivery activities.
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Numerical Experiments
It is difficult to obtain the delivery time of the three modes in real life. On the one hand, it is hard to put the three modes into practice under the same circumstance to make the results comparable; on the other hand, it involves express companies' business secrets. In consequence, simulation experiments are made with the software Matlab. The certain crossover and mutation probability of genetic algorithm are 0.8 and 0.2, respectively, and the algorithm is terminated when it updates 200 generations.
In the specific experimental, 30 delivery points represent 30 communities. The locations of delivery points are generated randomly in the square of 25 kilometers, and it is suitable for China's condition. Demand of every delivery point is generated randomly too. Other data of constants were collected from the investigations on couriers and interviews with middle-level managers from ShenTong Express, YuanTong Express, ZTO Express, YunDa Express, and SF Express which are the main e-commerce logistics providers in China.
To simplify the simulation process, the depot is set up in the centre of this area. Every vehicle starts off and comes back here. The roads between any two points are assumed to be straight-lines. On the first scenario, demands of all communities are set less than 36 orders to make sure setting up a reception box in a community is enough, and this scenario is regarded as the standard scenario. The delivery situations with the two kinds of vehicles in AHD are displayed in Figure 1 .
The Importance of Vehicle
Parameter values are displayed in Table 1 . The efficiency of employing light-weight vans is just a little bit higher than that of electrotricycles, because the former one has larger average velocity and spends less time on the road. and service are exactly the same. Time spent on serving customers occupies the largest proportion of total time. Thus no matter how fast and how big the vehicle is, delivery efficiency could not be improved visibly. That is why the routes in two cases are similar.
Daily total cost of the two cases is calculated on the basis of the delivery efficiency and cost structure. All the conditions are set exactly the same as Section 3.3.
The cost of using electrotricycles and light-weight vans in AHD is showed in Figure 2 . It is found that the cost of employing light-weight vans is always higher, because the delivery efficiency of employing light-weight vans could not be improved largely while the investment is much more. As the increase of orders, the gap between them is bigger and bigger. That is mainly because the growth of orders makes service occupy a larger proportion of total time and leads to more and more advantages of employing light-weight vans disappeared, but the investment of light-weight vans is more and more greater than that of electrotricycles.
From the foregoing, the use of appropriate vehicles in different delivery modes is very important. In AHD, electrotricycle is suitable, but in RB and CDPs, light-weight van is preferable. It could be seen AHD needs much more vehicles and couriers than RB by comparing Figure 1 with Figure 3 .
Delivery Efficiencies of Three
As mentioned above, 30 delivery points should be clustered first in CDPs. Since the scope is a square of 25 kilometers, it's enough to set up 5 collection-and-delivery points. The result is displayed in Figure 4 . The points of the same shape are in the same cluster. The big green dot represents DC while the black crosses stand for CDPs. It could be seen that the distance between every delivery point and its nearest CDP is no more than 1 km (a reasonable distance that conforms to the key successful rule [15] ). The limiting values of the vehicle fleet in CDPs are listed as follows: (1) maximum 800 orders per van, The result is displayed in Figure 4 as well. As expected, total travel distance in CDPs decreases sharply compared to that in AHD and RB.
To all the three modes, 20 min is endowed as buffering time to make up for the time couriers spending doing other things. The values of parameters in the three modes are showed in Table 2 .
From Table 2 , CDPs have the highest operation efficiency, followed by RB and then AHD.
service occupies the largest proportion of total time. That is mainly because every community's demand is relatively large and residential density in this region is high.
The distinct of operation efficiency reflected is evident. Obviously, CDPs need the least service while AHD needs the most. Because of AHD, couriers have to wait for the receiver to sigh for the goods and sometimes wait for longer till the receiver checks the goods. In RB, couriers put the goods in the corresponding boxes and scan them. Apparently, this would be faster. Furthermore, couriers just unload and scan goods. Besides, both CDPs and RB modes save couriers' walking time because unified delivery points always locate on the first floor and enjoy convenient transportation. CDPs would cost the least due to its much less parking times. RB needs more than CDPs but less than AHD. is affected by residential density [4] and the ease of parking. For the growth of private cars in cities, perhaps the problem of parking would be another big obstacle to elogistics increasingly. From the perspective of this point, RB and CDPs would be more advantageous in future.
AHD spends much more road than RB and CDPs. That happens mainly because the vehicles suitable for AHD go slower and vehicles have to go through extra way to satisfy customers' delivery time windows [29] . Consequently, road is closely connected with residential density and customers' delivery time windows in AHD [5] .
To study the influence of orders on operation efficiency, the parameters are calculated in half and double orders, respectively. The results are shown in Tables 3 and 4 . Visually, the average time per order of each mode changes synchronously with orders. That is because road and could be shared with more orders when orders increase. When only order quantity changes in the area, road would change but not too much, resulting from the additional vehicles' extra way connected to the depot; would be relatively fixed; service would increase or decrease in proportion with order quantity. In three scenarios, the ratios of average time per order in three modes are 1 : 0.24 : 0.063, 1 : 0.22 : 0.052, and 1 : 0.21 : 0.045, corresponding to 372, 744, and 1488 orders, respectively. The result indicates that CDPs' operation efficiency will be more and more competitive as the increase of orders. It mainly benefits from the high efficiency of serving customers and no limit to the CDPs' capacity.
Total Cost of Three Modes.
The total cost of every mode is showed in Figure 5 . It clearly reflects higher operation efficiency does not mean lower cost through fair and foul. From Figure 5 , it could be concluded when daily demand is less than 50 orders in this region, adopting AHD is wise. At this time, CDPs cost a little higher than AHD while RB costs a great deal. That is because the initial fixed investment of reception boxes is very large, and the vehicles used in RB and CDPs cost a lot more than that in AHD. On account of AHD's high variable cost and low operation efficiency, its cost soars sharply as the increase of orders. On the contrary, the variable cost of RB and CDPs is much smaller.
When orders are massive, AHD definitely costs the most, but which one costs the least still needs to be studied further. According to Figures 6 and 7 , the choice of RB or CDPs depends on the expense of reception boxes and the commission paid to the third party partners, because when orders increase, the extra investment of new reception boxes is the main incremental cost in RB while the commission paid to third party partners is the main incremental cost in CDPs. Figure 6 shows the cost situation with stable expense of reception box and changing third party commission while Figure 7 shows the cost situation on the contrary. each denotes the expense of a reception box per year. It could be concluded that the higher the commission paid to third party partners is, the faster the cost of CDPs would exceed that of RB. When third party commission is small, cost of CDPs will be always less than that of RB. However, even when such thing happens, it does not mean RB is utterly useless, because it has some unique advantages, such as providing refrigeration service and being set up in luxury residential where couriers are not allowed to enter.
In general, when orders are not many, it is wise to adopt AHD; when orders are massive enough, it is wise to adopt RB and CDPs, but which one to choose depends on the current context. In addition to this, cooperating with e-logistics providers benefits third party partners, as researchers point out that one in four customers would make a purchase in the store when collecting or returning their parcels [13] . It means CDPs are expected to become the most economical way when orders are massive through cutting down commissions paid to third party partners counting on the benefits they have already made.
Conclusions
Despite the three "last mile" delivery modes are concurrence in practice, a little theoretical research aims at choosing them according to different scenarios so far. This paper makes the quantitative study of different delivery modes' competitiveness through analyzing "last mile" activities' cost structure and operation efficiency in different scenarios.
The major conclusions of this paper are concluded as follows. (i) Total cost of "last mile" delivery relies on the price of manpower and material resources and operation efficiency. Additionally, different "last mile" delivery modes have different operation efficiencies. Furthermore, choosing the most appropriate devices reduces cost effectively. (ii) Operation efficiency is affected by order quantity, and CDPs are more sensitive to the change of orders. Also, under normal circumstances, CDPs' operation efficiency is the highest, followed by RB and then AHD. (iii) When orders are few, AHD is the most suitable mode as the result of the larger amount of equipment investment in RB and CDPs. On the contrary, when there are plenty of orders in high residential density areas with high reception box expense and low commission of third party partners, CDPs are optimum; moreover when there are plenty of orders in sparse areas or high-grade district, RB has the optimal advantage. In summary, the paper extends the academic study of "last mile" delivery, puts forward the cost structure of each mode, then reveals the variation tendency of cost along with the change of order quantity, and further analyzes the competitiveness of each mode in different scenarios. It could provide some theoretical guidance for e-logistic providers.
Given the fact that the use of RB and CDPs is still both at the very beginning, with excellent prospect for increasing use of these concepts in the future, more quantitative researches on this subject are necessary. Customers' satisfaction varies with each individual and this should be taken into consideration in the near future research on this field. Besides that those modes are considered separately in this paper, in reality, they could be applied mixed in the same district and that should be figured out by researchers.
